Cocaine users display a wide range of cognitive impairments. Because treatment outcome is dependent on baseline cognitive ability, it is clinically important to understand the underlying neurobiology of these deficits. Therefore, it is crucial to determine whether cocaine exposure by itself is an etiological factor and, if so, to determine the overall nature of cognitive deficits associated with cocaine use. This will help to guide therapeutic approaches that address cognitive components of cocaine use to improve treatment outcome. We used rhesus monkeys in a longitudinal study in which 14 animals were characterized before assignment to matched control (n ϭ 6) and cocaine self-administration (n ϭ 8) groups. Self-administration took place on 4 consecutive days/week over 9 months, with a maximum (and typical) daily cumulative intake of 3.0 mg/kg. Weekly cognitive assessments (total of 36) were conducted after a 72 h drug-free period. We used a stimulus discrimination task with reversal to evaluate associative learning and the cognitive control/flexibility needed to adapt to changes in reward contingencies. After extended self-administration, initial accuracy on the stimulus discrimination indicated intact associative learning. However, animals were impaired at maintaining high levels of accuracy needed to reach criterion and initiate the reversal. Increasing the reward contrast between stimuli permitted evaluation of reversal performance and revealed striking deficits in the cocaine group. Impairments in visual working memory were also observed using a delayed match-to-sample task. These results suggest a combination of generalized, possibly attentional, impairments, along with a more specific cognitive control impairment implicating orbitofrontal cortex dysfunction.
Introduction
There is increasing interest in the nature and etiology of cognitive deficits associated with drug dependence (Rogers and Robbins, 2001) , arising from the likelihood that decisions to continue use despite negative outcomes reflect impairments in higher cognitive processing. Clinically, this is important because of evidence that therapeutic outcome is related to cognitive abilities at treatment onset (Teichner et al., 2002; Patkar et al., 2004; Aharonovich et al., 2006) . However, the extent to which those deficits result from drug use rather than preexisting traits is unclear, making controlled animal studies necessary (Rogers and Robbins, 2001) . Such studies avoid the confounds of preexisting differences, poly-drug use, varying length and amounts of drug use, and lifestyle stressors unique to drug using populations. Determining whether there is a causal relationship between cocaine self-administration and specific cognitive deficits was the primary aim of this study.
In addition to etiology, the specificity of cognitive impairments associated with cocaine use are unclear. One domain consistently impaired is cognitive control/flexibility (Garavan and Hester, 2007) , reflected by increased perseverative responding subsequent to the reversal of reward contingencies (Fillmore and Rush, 2006; Ersche et al., 2008) . The inability to adapt to altered reward contingencies does not appear to result from impaired associative learning in users who understand task contingencies from verbal instructions (Ersche et al., 2008) , although previous animal studies indicate impaired acquisition of an unfamiliar task in which stimulus discriminations had to be learned by trial and error (Liu et al., 2008) . Impaired working memory has been reported (O'Malley et al., 1992; Hoff et al., 1996; Bechara and Martin, 2004; Kü bler et al., 2005; VerdejoGarcia and Perez-Garcia, 2007) , although the literature is surprisingly mixed (Bolla et al., 1999; Pace-Schott et al., 2008) . We have examined the issue of whether specific cognitive domains are affected by cocaine self-administration through the use of tasks that evaluate associative learning, cognitive control/flexibility, and visual working memory. This study complements previous studies examining effects of cocaine on reversal learning (Jentsch et al., 2002; Schoenbaum et al., 2004) and working memory (George et al., 2008) .
In this study, rhesus monkeys were extensively characterized on cognitive tasks before initiating an extended period of cocaine self-administration. After initiating self-administration, cognitive assessments were conducted weekly in drug-free animals to evaluate the impact of cocaine exposure on distinct cognitive domains. We used a stimulus discrimination/reversal task to assess associative learning and cognitive control/flexibility. The reversal component requires orbitofrontal cortex (Dias et al., 1996; Fellows and Farah, 2003; Hornak et al., 2004; Izquierdo et al., 2004; Murray and Izquierdo, 2007) . A delayed match-to-sample task was used to assess visual working memory. Delayed matchto-sample performance has been linked to the ventrolateral prefrontal cortex (Wilson et al., 1993; Elliott and Dolan, 1999) . We hypothesized that chronic cocaine exposure would impair reversal learning and working memory, thus implicating orbitofrontal cortex and ventrolateral prefrontal cortex dysfunction. Using tasks associated with distinct cognitive domains allowed us to address the question of whether cocaine use has a selective impact on particular aspects of cognitive function.
Materials and Methods

Subjects
Young adult (43-57 months at beginning of study) male rhesus macaque monkeys (n ϭ 14) with no previous nonclinical drug exposure or behavioral training were used for the present study. During acquisition, animals were initially trained to target for food reinforcement and then habituated to pole and collar handling and placement in a behavioral primate chair (Primate Products). Water regulation was then established, and subjects were taught to use a sipper tube attached to the chair for water reinforcement. Animals were water regulated 5 d/week and were supplemented (weekly average of 25 ml ⅐ kg Ϫ1 ⅐ d Ϫ1 ) at the end of each day after training and testing. Animals received ad libitum access to water over the weekend. Water regulation started at least 24 h before cognitive testing. Initially all monkeys were pair housed in standard stainless steel primate cages. Over time, incompatibility emerged among some pairs. When attempts at repairing were unsuccessful, monkeys were subsequently singly housed to avoid conflict injuries. At the end of the experiment, nine animals continued to be pair housed, whereas three controls and two cocaine monkeys had to be individually housed.
Surgery
Before baseline cognitive assessments, all animals had a vascular access port placed midscapula from which a catheter extended subcutaneously to an internal jugular vein. The vascular access port allows percutaneous nonstressful access to vasculature for cocaine self-administration without the need for a protective jacket and with reduced risk of infection because nothing is external to the skin (Wojnicki et al., 1994) .
Self-administration
Both groups self-administered (either water or cocaine) in the chambers used for cognitive testing. Animals self-administered by touching an abstract shape on the touch screen for the required number of touches. Once the response requirement was met, a green border around the white screen would appear, and either cocaine (cocaine group) was administered intravenously via the vascular access port or water (control group) via a sipper tube. Contextual cues were also associated with reinforcement for later determination of their impact on behavior. These cues, consisting of a specific auditory sequence of tones and distinct visual border to the screen, were present throughout the entire session except during the time of reward delivery. During the cocaine selfadministration sessions, animals were allowed to self-administer up to six infusions of cocaine. After the first week, animals typically administered all six infusions. The cocaine group began self-administering an average daily dose 0.6 mg/kg (0.1 mg/kg per infusion, six infusions) of cocaine daily under a fixed ratio-3 (FR-3) schedule and 5 min timeout. Response requirements were gradually increased to a terminal FR-30, a 10 min timeout interval, and 3.0 mg/kg cumulative session dose (six 0.5 mg/kg per infusions of 5 mg/ml, delivered at a rate of 0.15 ml/s). All animals reached the 3.0 mg/kg session dose over 15 d of gradually increasing the unit dose.
The control group animals began self-administering an average of 1.8 ml/kg water under a FR-3 schedule (six infusions, 0.3 ml/kg per infusion). After 23 d, the water amount was increased to 11.8 ml/kg water (18 infusions, 0.66 ml/kg per trial), and the schedule was switched to a random ratio of 5-15 with a timeout of 3.3 min to maintain cumulative amounts of lever pressing and chamber time similar to the cocaine group.
Cognitive assessments
All cognitive assessments took place in a sound attenuated chamber (model AB4240; Eckel Industries) fitted with a 40 W house light and white-noise generator. The E-prime software suite (Psychology Software Tools), coupled with a 15 inch touch screen (Elo Systems CarrollTouch), was used for all stimulus presentation, response recording, and data processing. Using baseline measures for each cognitive task described below, performance and age-matched control (n ϭ 6) and experimental (n ϭ 8) groups were established. Self-administration and cognitive assessments were organized as indicated in Figure 1 and Table 1. The animals self-administered Tuesday through Friday. Cognitive assessments were conducted on Mondays, when the animals had been drug free for ϳ72 h. A stimulus discrimination/reversal task was used to assess associative learning and cognitive control/flexibility, respectively, and a delayed match-to-sample task was used to assess visual working memory. Testing on the delayed match-to-sample task or the stimulus discrimination/reversal task alternated each week. On Tuesday mornings, a progressive ratio assessment of water reward efficacy took place, with self-administration beginning in a separate session Tuesday afternoon. Both groups self-administered and performed cognitive tasks contemporaneously.
Stimulus discrimination/reversal task
On each cognitive assessment day, three novel, visually distinct stimuli were used, thus requiring the subjects to learn a new operational stimulus-reward association at the beginning of each session. Each trial of the task began with presentation of a blue square that the animal had to touch, thereby indicating it was attending to the task. Touching the blue square led to presentation of two of the three stimuli, randomly presented left and right of midline. The stimuli were associated with a high, medium, or low water reward. On any given trial, an animal had a choice between a high or low, high or medium, or medium and low reward contingency. A correct response was recorded when the monkey touched the stimulus with the relatively greater reward. Once a criterion of 27 of 30 correct responses on consecutive trials were made, the contingency was reversed in that the high and low stimuli were switched, with the middle stimulus unchanged. Reaching the same performance criterion after the reversal resulted in presentation of a new set of three stimuli for a discrimination block. Animals were allowed to do as many discrimination and reversal trials as possible within a 200 trial session. Two different reward levels were used to assess association learning (stimulus discrimination) and the cognitive flexibility needed to adapt to altered contingencies (reversal performance). The initial stimulus discrimination/reversal task had a low contrast in reward levels between stimuli (stimulus discrimination/reversal-low reward contrast). The stimuli were associated with a high (0.1 ml/kg), medium (0.05 ml/kg), or low (0.02 ml/kg) water reward. The stimulus discrimination/reversallow reward contrast was used to assess baseline performance (preadministration low contrast) across 10 daily sessions before initiating self-administration. The same reward values were used for nine sessions after initiation of self-administration (post-administration low contrast) over a period of 4 -5 months. During the post-administration low contrast period, all control animals continued to reach the stimulus discrimination criterion, but only five of the eight cocaine monkeys met the stimulus discrimination criterion. To increase incentive, we increased the reward contrast between stimuli by changing the reward values to 0.12, 0.03, and 0.001 ml/kg for the high, medium, and low reward values (post-administration high contrast). All animals subsequently met the discrimination criterion, and reversal performance could then be evaluated in seven of the eight animals (there were insufficient remaining trials in one animal). The high reward contrast was used for the subsequent duration of self-administration (nine sessions, over 4 -5 months).
Stimulus discrimination/reversal task analysis
Associative learning was evaluated in two ways. To use a comparable analysis as used for the reversal task, the primary approach was comparison of accuracy over the first 15 trials of the discrimination component, binning every three trials to reduce noise inherent in averaging binary data. We limited our analysis to the first 15 trials presented for each stimulus set to focus on the subject's adaptation to a new stimulus set or the reversal of the reward contingencies. To analyze discrimination performance using the stimulus discrimination/reversal low reward contrast task (for which baseline and post self-administration performance was available), a three-way repeatedmeasures ANOVA was used to make a between-groups comparison of stimulus discrimination performance with bin number and exposure period (baseline vs post self-administration) being the repeated factors. For stimulus discrimination/reversal high reward contrast, only a between-groups comparison of performance in the post self-administration period was possible. A two-way repeated-measures ANOVA was used with bins being the repeated factor. An additional approach was to calculate trials to criterion to assess how well animals were able to sustain high levels of accuracy needed to reach criterion performance on the stimulus discrimination blocks (27 of 30 trials correct). If an animal did not meet the stimulus discrimination criteria, a conservative score of 200 trials (the session limit) was assigned. A two-way repeated-measures analysis was used with period (pre-administration low contrast, postadministration low contrast, and post-administration high contrast) being the repeated factor. We followed this with a Holm-Sidak-corrected multiple comparison procedure to evaluate the effect of period within each group.
The measure of cognitive control/flexibility was performance over the first 15 trials after reversal of the reward contingencies, also binned three trials at a time. A two-way repeated-measures ANOVA was used with bins (during the post-administration high reward contrast period) being the repeated factor. It was not possible to compare trials to criterion on the reversal blocks, because the 200 trial sessions always began with a discrimination block, and by the time the stimulus discrimination criterion was reached, thereby initiating a reversal block, there were only a limited number of trials remaining.
Delayed match-to-sample task
At the start of each trial (total of 160 trials per session), a sample stimulus (an image randomly selected from a 400 image pool) would appear on the touch screen. Pressing the sample stimulus accurately and holding it for 1 s led to its offset. After a specified delay interval (randomly selected from 0, 10, 20, or 40 s), the sample and a novel stimulus (randomly selected from the image pool) appeared, randomly assigned to the left and right side of the screen. Choosing the sample stimulus within 10 s after the presentation of the two stimuli led to a water reward (0.075 ml/kg). No reward was delivered for choosing the wrong stimulus or pressing the area outside of the choice stimuli. The intertrial intervals for a correct response and incorrect response were 2 and 7 s, respectively. Baseline performance was determined from 10 daily sessions before initiating self-administration, after which animals performed the task once every 2 weeks to assess visual working memory.
Delayed match-to-sample task analysis. Accuracy was evaluated only using trials in which one of the two stimuli was chosen. Thus, any trials with a non-choice error (omission or touching the screen outside of a stimulus) did not contribute to the measure of choice accuracy. Only sessions in which animals completed at least half of the 160 trials and met a side bias criterion (responses on each side were Ն25% and Յ75% of the trials completed) were included in the analysis. In the cocaine group, 33 of the 152 possible sessions were omitted, and, in the control group, 16 of the 114 possible sessions were removed. Data were analyzed over 19 sessions during the self-administration period. Baseline data were averaged across the 10 sessions before the start of self-administration. The measures used for group matching were accuracy at the 40 s delay and the area under the curve of accuracy across all delays.
A three-way repeated-measures ANOVA was used to perform a betweengroup comparison of accuracy, with delay interval and exposure period (baseline vs post self-administration) being the repeated factors. To follow up any interaction observed in the three-way repeated-measures ANOVA, a two-way repeated-measures ANOVA was used for a within-group comparison, with period (baseline and post self-administration periods) and delay interval being the repeated measures.
Progressive ratio assessment of water reward efficacy
A progressive ratio procedure was used for a weekly assessment of efficacy of the water reward used to motivate task performance. Animals touched a stimulus on the screen once for the first water reinforcement (1.0 ml/kg). The number of responses required for each subsequent water reinforcement doubled, until the animal failed to complete the response requirement within 15 min or the animal failed to touch the screen for 10 min.
Progressive ratio analysis. The measure of water reward efficacy was the breakpoint, defined as the sequence number of the last reinforcement received (also the power of two equaling the number of responses required) before the session was terminated because responding ceased. Progressive ratio data were collected throughout the entire selfadministration period (30 weekly sessions), and the baseline was collected 1 week before the start of self-administration.
Results
Baseline performance matching of groups and comparability of daily versus intermittent assessments Baseline performance of the control and cocaine groups on the stimulus discrimination/reversal-low reward contrast and delayed match-to-sample tasks are shown in Figure 2 . There were no differences between the groups during the baseline period. There was also not a noticeable drop off in performance on any of the cognitive tasks as a result of going from the daily assessment used to establish baseline performance to assessments once every 2 weeks. This is demonstrated in the comparison of the control group baseline performance and post-administration performance for the stimulus discrimination/reversal task shown in Figure 3 and the delayed matchto-sample task shown in Figure 8b .
Stimulus discrimination performance
During the first 4 -5 months of self-administration, there was no significant effect on accuracy by group or exposure period (baseline, post-administration low reward contrast). In addition, there was no significant group ϫ exposure period ϫ trial bin interaction. Associative learning is clearly occurring over those 15 trials, given the main effect of bin number (F (4,9) ϭ 28.9, p Ͻ 0.0001). Figure 4 shows the comparison between groups in the post self-administration low reward contrast period. Two-way repeated measures on just this exposure period also shows a main effect of trial bin number (F (4,9) ϭ 8.85, p Ͻ 0.001) without a group ϫ bin number interaction ( p ϭ 0.53). However, despite this indication of equivalent associative learning, only five of the eight cocaine monkeys were able to meet the stimulus discrimination criterion of 27 of 30 correct trials. Thus, there was an apparent difficulty in the cocaine group to sustain high levels of accuracy across 30 consecutive trials used for criterion evaluation. This is reflected in a marginal interaction on trials to criterion between group and period (pre-administration low contrast, post-administration low contrast, post-administration high contrast) (group ϫ period, F (1,24) ϭ 3.283, p ϭ 0.055) (Fig. 5a ). In the control group, there was no significant difference in trials to criterion between any of the periods. However, it took the cocaine group more trials to reach criterion during the post-administration low contrast compared with the baseline period (t (1,7) ϭ 2.61, p ϭ 0.015). Thus, while maintaining the low reward contrast, there is not an effect of self-administration on trials to criterion in the control group, but there is an impairment in the cocaine group. Increasing the reward contrast significantly decreased trials to criterion in the cocaine group (post-administration low contrast vs post-administration high contrast, t (1,7) ϭ 2.70, p ϭ 0.012). However, increasing reward contrast in the control group had no effect on trials to criterion.
To explore the time course of the increase in trials to criterion, we evaluated performance in three session epochs. Although we lacked the statistical power (Ͻ0.1) to confirm a group ϫ block interaction, the time course of the change in trials to criterion is shown in Figure 5b . That change is significantly different between groups when evaluated over the entire post-administration low contrast period (Fig. 5a ).
Stimulus reversal performance
Because not all cocaine animals were meeting discrimination criterion during the post-administration low contrast period, reversal performance could not be evaluated, necessitating the increase in reward contrast between stimuli. All animals subsequently reached criterion on the discrimination component of the stimulus discrimination/reversal task [although one of the eight never reached criterion with enough (15) trials remaining in the fixed 200 limit to allow evaluation of reversal performance]. In contrast to the lack of difference in discrimination accuracy between groups (Fig. 6) , accuracy on the reversal learning component during the first 15 trials after the reversal was significantly poorer in the cocaine group, with a twoway repeated-measures ANOVA indicating a main effect of group (F (1,11) ϭ 5.13, p ϭ 0.045) and a group ϫ bin interaction (F (1,4) ϭ 3.49, p ϭ 0.015) (Fig. 7) .
It is possible that less frequent encounters with reversals contributed to the deficits on reversal performance in the cocaine group. However, a two-way repeated-measures ANOVA of reversals encountered per session did not reveal a group ϫ period interaction (F (1,11) ϭ 2.98, p ϭ 0.072) or a significant main effect. There was also not a significant difference between the two groups in the post-administration high contrast block (independent t test, t (1,11) ϭ 1.08, p ϭ 0.30). Thus, reversal impairments in the cocaine group seen during the post self-administration high contrast condition are not accompanied by less frequent encounters of reversals. Table 2 lists the number of reversals encountered by each group in the different periods, excluding the cocaine animal for which reversal accuracy was not available.
The effects of cocaine self-administration on visual working memory
A three-way repeated-measures ANOVA of delayed match-tosample accuracy revealed a delay ϫ period ϫ group interaction (F (3,36) ϭ 8.88, p Ͻ 0.001). A period ϫ group interaction (F (1,12) ϭ 5.98, p ϭ 0.031) and delay ϫ period interaction (F (3,12) ϭ 3.61, p ϭ 0.022) were also revealed. A follow-up two-way repeatedmeasures ANOVA indicated that, in the cocaine group, there was a main effect of period (F (1,7) ϭ 8.62, p ϭ 0.02) and a significant interaction between period and delay (F (3,36) ϭ 4.61, p ϭ 0.012), with accuracy decreased after cocaine self-administration compared with the baseline period (Fig. 8a) . The delay dependency of the decreased accuracy is consistent with specific impairments in working memory after cocaine self-administration. The control group did not show a significant difference in accuracy (Fig. 8b) when comparing baseline performance with that during the selfadministration period (F (1,5) ϭ 0.56, p ϭ 0.49) nor an interaction. To explore the time course of the decrease in working memory, we compared accuracy at the 40 s delay, averaged over four session epochs to baseline. A one-way repeated-measures ANOVA revealed that the first post-administration epoch was significantly different from baseline. Increased variability associated with fewer sessions obscured differences from baseline in the later epochs. The time course for this metric is shown for both cocaine and control groups in Figure 8c .
Comparison of impairments across cognitive domains
The extent to which impairments in one cognitive domain extend to another can help to address the possibility of a common underlying substrate or mechanism. To examine this, we evaluated the regression of changes in working memory performance before and after self-administration with those of reversal performance. The metrics used were accuracy at the 40 s delay interval and the slope of reversal accuracy across the first five (three trial) bins after stimulus reversal. There was a marginally significant regression (F (1,6) ϭ 5.76, p ϭ 0.062) (Fig. 9) , consistent with the possibility of a common mechanism of impairment on the two tasks. , and delayed match-to-sample (c) task is shown. There was no significant difference in performance between groups on any task before initiating self-administration.
Impact of cocaine self-administration on water reward efficacy
Water reward efficacy (breakpoint on a progressive ratio task) was assessed weekly in both groups throughout the entire selfadministration period (30 sessions). As can be seen in Figure 10 , there was no difference between groups in breakpoint over the self-administration period.
Discussion
The nature and extent of cognitive deficits associated with cocaine use have been widely studied. However, whether they represent predisposing traits or consequences of drug use is difficult to assess in clinical investigations. We demonstrate by longitudinal assessment of cognitive function across multiple domains in a nonhuman primate model that cocaine self-administration . Between-groups comparison of stimulus discrimination performance on the low reward contrast task. Over the first 15 trials of nine sessions conducted over ϳ5 months of self administration, there was no significant between group difference in discrimination accuracy. Figure 5 . Stimulus discrimination trials to criterion. a, Between-groups comparison of trials to criterion on the stimulus discrimination task across conditions. Pre-SA (low), Baseline before self-administration, low reward contrast; Post-SA (low), sessions during self-administration over the first 4 -5 months, low reward contrast; Post-SA (high), sessions during selfadministration months 5-9, high reward contrast. Group ϫ period interaction: F (1,24) ϭ 3.28, p ϭ 0.055. b, Stimulus discrimination performance across all sessions of the stimulus discrimination low bias task. Sessions were binned by three. *p Ͻ 0.05. . Between-group comparison of stimulus discrimination performance on the high rewardcontraststimulusdiscrimination/reversaltask,months5-9postself-administration.Therewas no significant difference between groups on discrimination accuracy (F (1,4) ϭ 1.70, p ϭ 0.165).
causes strong deficits in cognitive control/flexibility. Less pronounced deficits in visual working memory (delayed match-tosample) and the ability to maintain a stimulus discrimination were also observed.
A stimulus discrimination/reversal task was used to assess associative learning and cognitive control/flexibility. During the first 4 -5 months of self-administration, we did not observe a significant difference between the groups on stimulus discrimination accuracy, evaluated over the first 15 trials after presentation of a new set of stimuli. However, unlike all animals from both groups during baseline performance and all control animals during self-administration, only five of the eight cocaine animals were able to meet the stimulus discrimination criteria of 27 of 30 consecutively correct trials within a 200 trial session. This suggests intact associative learning but difficulty in maintaining the high level of accuracy needed to reach criterion performance.
The improved discrimination performance after increasing the reward contrast between stimuli permitted a comparison of cognitive control/flexibility (reversal performance) between groups. The cocaine group was less able to adapt their responding to the reversal of the reward contingencies, consistent with the clinical literature indicating that chronic cocaine users show impaired reversal performance, whereas the acquisition of an initial stimulus-reward association was not impaired (Fillmore and Rush, 2006; Ersche et al., 2008) . These results also extend previous findings with noncontingent cocaine exposure in vervet monkeys (Jentsch et al., 2002) and rodents (Schoenbaum et al., 2004) . Although a reduced frequency of encountering reversals during the post-administration low contrast period could have contributed to the impaired reversal performance, the task had been well learned before initiating self-administration, and there was no difference in frequency of reversals during the postadministration high contrast period. Although recent reports indicate that damage to medial striatum can impair reversal performance (Clarke et al., 2008) , such effects are most frequently associated with orbitofrontal cortex dysfunction (Butter, 1969; Hornak et al., 2004; Izquierdo et al., 2004) . This region shows structural (Franklin et al., 2002) and functional (Volkow et al., 1993; Grant et al., 2000; London et al., 2000) abnormalities in drug using populations. Given its role in inhibitory control and decision-making, it plays a central role in heuristic conceptualizations of cortical systems implicated in addiction and other syndromes of impaired consumptive inhibitory Number of times per session each group encountered a reversal over the three blocks (baseline, post-administration low contrast, post-administration high contrast). Control, n ϭ 6; cocaine, n ϭ 7. control (Bechara, 2005; Schoenbaum et al., 2006; Schoenbaum and Shaham, 2008; Volkow et al., 2008) . There have been inconsistencies in the literature in regard to whether cocaine exposure affects working memory. Some clinical studies (Hoff et al., 1996; Bechara and Martin, 2004; Kübler et al., 2005) and a rodent self-administration study (George et al., 2008) have shown working memory deficits in cocaine using populations. In other cases, no deficits have been reported (Bolla et al., 1999; Pace-Schott et al., 2008) . That inconsistency may be a reflection of a modest effect size. We were able to match performance very carefully between our groups before any exposure. That, combined with a longitudinal approach, enabled us to observe what appears to be a clear, although relatively modest, working memory impairment that was apparent soon after initiating exposure. Although visual working memory is usually associated with ventrolateral prefrontal cortex (Wilson et al., 1993) , orbitofrontal contributions are also apparent (Otto and Eichenbaum, 1992; Wallis, 2007) , consistent with the marginally significant relationship we observed between working memory and reversal impairments.
It appears that deficits emerge relatively quickly after initiation of self-administration. All assessments were made 3 d after last exposure; thus, a "short-term withdrawal" effect is possible. Withdrawal is a difficult concept to address with cocaine use. Preliminary results indicate no difference in total sleep and average sleep epoch duration between groups over the weekend before testing . Thus, dysregulation of the pharmacological targets of cocaine is more likely than a generalized fatigue or sleep deprivation.
It has been noted that performance on a wide range of cognitive tasks is often inextricably linked to attention and reward (Maunsell, 2004; Sarter et al., 2006; Kennerley and Wallis, 2009 ). We believe the progressive ratio evaluation of water reward efficacy indicates no difference between our groups in motivation. However, increasing the reward contrast between stimuli on the discrimination task improved performance in the cocaine but not the control group. Thus, it appears that an interaction between reward incentive and task difficulty (Maunsell, 2004) distinguishes between our groups. For very simple tasks, such as the progressive ratio task in which only repetitive touching to a nonmoving stimulus is needed, the incentive of water reward is unchanged. However, for a more difficult task, such as the stimulus discrimination or perhaps the working memory task, greater rewards are needed to support the focused attention required by the task (Maunsell, 2004) . Given the importance of dopamine in signaling rewards (Schultz, 2007) and the clear dysregulation by cocaine of dopamine systems (Weiss et al., 1992; Letchworth et al., 2001; Nader et al., 2002 Nader et al., , 2006 and reward circuitry in general (Kalivas and Volkow, 2005) , it is also possible that reward incentives are communicated across systems less effectively, requiring a greater contrast between different rewards to effectively engage cognitive networks.
Attentional impairments are possible in the cocaine-exposed animals, given their difficulty in maintaining high levels of accuracy on the discrimination task needed to achieve criterion. We have also presented preliminary results of increased intraindividual variability in response times in the cocaine animals (Olsen et al., 2009) , an observation consistent with greater attentional lapses (Castellanos et al., 2005; Olsen et al., 2009) , and increased distractibility in them as well (Porter et al., 2010) . Thus, to the extent that working memory and attention are overlapping, increased distractibility or attentional lapses could have contributed to errors on the delayed match-to-sample task (Duncan, 2001) . A common substrate, such as impaired attention, as a contributor to the general pattern of deficits is also suggested by the trend toward a correlation of impairments in working memory and reversal performance across individuals.
In contrast to the current findings in which a well-learned discrimination task did not reveal impairments in accuracy over the first 15 trials after cocaine self-administration, we reported previously (Liu et al., 2008) that initial acquisition of a stimulus discrimination task and a spatial working memory task was significantly impaired in a group of monkeys with a history of selfadministration. After extensive training, animals that showed impaired stimulus discrimination task acquisition eventually became equally adept as the control group (our unpublished results). This pattern of acquisition impairment is similar to the effects of orbitofrontal lesions (Otto and Eichenbaum, 1992) . We believe the more pronounced discrimination impairment seen previously (Liu et al., 2008) reflects an inability to focus on the relevant structure of a new task to be acquired in the animals with a history of drug exposure. In contrast, if a learning set has already been established by experience with the task (Harlow, 1949) , performance is much less impaired by experimental manipulations, as the present study indicates. . Regression of memory deficits with reversal deficits in the cocaine group. x-Axis is the difference in accuracy at the 40 s delay of the delayed match-to-sample task. y-Axis is the difference in the reversal accuracy slope across the first 15 trials of each session. There was a marginally significant correlation between change in working memory and reversal performance. R 2 ϭ 0.535, p ϭ 0.062. The contrast between effects of cocaine on novel task acquisition versus performance of a familiar one, and the somewhat generalized effects observed, is consistent with the adaptive coding model of prefrontal cortex function proposed by Duncan (2001) . That model posits a less compartmentalized and regionally specific distribution of function than often presumed, evidenced by the high level of adaptability of broad areas of prefrontal cortex to accommodate specific task contingencies. It is proposed that part of the function by which the prefrontal cortex mediates acquisition of task contingencies is also by minimizing distractibility, or increasing focused attention. To quote Duncan, "In this model, working memory, selective attention and control are simply three different perspectives on the same underlying processing function" (Duncan, 2001) . We also feel that Sarter's description of "attentional effort" (Sarter et al., 2006) needed for task performance is an intuitively appealing description of the impairment in the cocaine-exposed animals. Thus, the overall nature of the impairments appears to be a mixture of highly selective effects on orbitofrontal cortex associated reversal performance along with a more generalized impairment of prefrontal-dependent working memory/attentional focus.
These results represent a unique study in which a broad range of cognitive domains were studied longitudinally in nonhuman primates to determine the effects of chronic cocaine selfadministration. The results strongly suggest that, in addition to the substantial literature indicating the contribution of inherent differences between individuals for risk of addiction (DerocheGamonet et al., 2004; Tarter et al., 2007; Belin et al., 2008) , cocaine use by itself causes cognitive deficits. Understanding the neurobiological basis of these deficits may help in the development of therapeutic approaches to address them, potentially increasing the likelihood of abstinence based on the links between cognitive performance and treatment outcome.
